The purpose of this study was to investigate the effects of transversely sloped ballasted walking surface on gait and rearfoot motion (RFM) parameters. Motion analysis was performed with 20 healthy participants (15 male and 5 female) walking in six surface-slope conditions: two surfaces (solid and ballasted) by three slopes (0, 5, and 10 degrees). The gait parameters (walking velocity, step length, step rate, step width, stance time, and toe-out angle) showed significant surface effect (p = .004) and surface-slope interaction (p = .017). The RFM motion parameters (peak everted/inverted position, eversion/inversion velocity, and acceleration) revealed significant surface (p = .004) and slope (p = .024) effects. The ballasted conditions showed more cautious gait patterns with lower walk velocity, step length, and step rate and longer stance time. In the RFM parameters, the slope effect was more notable in the solid conditions due to the gait adaptations in the ballasted conditions. Ballast conditions showed reduced inversion and increased eversion and RFM range. The RFM data were comparable to other typical walking conditions but smaller than those from running.
The surface near and around the tracks in railroad yards and mainline tracks is covered with a crushed granite rock material referred to as ballast. Smaller-sized "yard ballast" is used in the railroad yards whereas largersized "mainline ballast" is used for mainline tracks. The ballast-covered surface (mainline ballast in particular) provides a unique walking environment with regard to foot-ground interaction that is different from a typical flat solid surface; that is, the rocks form an uneven transversely inclined surface and can shift when the foot contacts the surface. According to the Federal Railroad Administration (FRA) Railroad Safety StatisticsAnnual Report 2008 (Federal Railroad Administration, 2009 , the activity of walking comprised about 16% of the total reportable injuries and 20% of the workday absences across all US railroads for all job titles and locations in the railroad environment as a whole. The FRA statistics also showed that the second-most common sprain/strain site was the leg/foot. Although the sprain/ strain injuries of the leg/foot were not analyzed by the FRA in terms of their acute or chronic nature and do not include descriptions of the circumstances related to the injury, the unique walking surface of ballast and injury data help to suggest the need for study. The analysis of ankle motion mechanics and parameters related to walking on ballast could contribute to the understanding of the potential for injury and possible mechanisms for injury.
Rearfoot motion (RFM) is an important aspect of gait mechanics as it allows the foot to become a mobile adapter to a given surface when walking or running (Craik & Otis, 1995) . The RFM occurs between talus and calcaneus and the terms eversion and inversion are often used to describe the main components of pronation and supination, respectively (Inman et al., 1981) . The foot mobility from inversion and eversion provides cushion and absorption of forces by allowing more time over which impact occurs. The supportive structures of the foot and lower extremity engage and help to attenuate forces in this process (Craik & Otis, 1995) . Other shock absorbing structures of the lower extremity include the calcaneal fat pad, muscles, vessels, ligaments, and fatty deposits (Chu et al., 1986) .
Early studies that included RFM data collected from flat surfaces focused on shoe design and related topics: shoe design (Clark et al., 1983) , sports shoes and arch height (Clark et al., 1983; Hunt et al., 2001; Moseley et al., 1996; Snow & Williams, 1994) , shoe type vs. cardiovascular responses (Hamill et al., 1988a) , shoe hardness (McCaw et al., 1994) , fatigue and shock attenuation (Bruggemann et al., 1992) , varus and valgus wedges (Schnabel et al., 1994) , simple insoles (Lafortune, 1997) , and midsole hardness (Milani et al., 1997) . There are only An Official Journal of ISB www.JAB-Journal.com ORIGINAL RESEARCH few studies that have investigated the gait characteristics in walking on ballast or similar surfaces: sloped (Lay et al., 2005; Redfern & DiPasquale, 1997) , sand (Lejeune et al., 1998; Pinnington & Dawson, 2001; Zamparo et al., 1992) , grass (Pinnington & Dawson, 2001) , transversely sloped (Damavandi et al., 2010; , and ballasted (Andres et al., 2005; Wade & Redfern, 2007) . A recent study showed that the magnitude of ground reaction force measured under the ballast was not significantly different from walking directly on the surface of the force plates (Wade & Redfern, 2007) .
To our knowledge, only one study (Andres et al., 2005) investigated the effects of the ballasted surface on the RFM variables using three different surface conditions (flat solid, 7° yard ballast, and 7° mainline ballast) and reported that the mainline ballast condition showed significantly larger RFM range and angular velocity than the other conditions. The mean RFM range values reported, however, were surprisingly small (3.08° on the solid, 3.48° on the yard ballast, and 5.50° on the mainline ballast) when compared with the normal frontal plane range of motion of the ankle and the values reported from various locomotion conditions (Areblad et al., 1990; Clark et al., 1983; Hunt et al., 2000 Hunt et al., , 2001 Moseley et al., 1996; Snow & Williams, 1994) . Due to the unusually small RFM parameter values reported, one-way nature of the study design used, and other methodological limitations, it was premature to draw any decisive conclusions from the study of Andres et al. (2005) .
Overall, there still exists a paucity of comprehensive research and data regarding how the rearfoot responds to ballasted and sloped walking surfaces and whether there is a risk of injury imposed by these walking surfaces. The purpose of this study, therefore, was to systematically investigate the effects of the sloped and ballasted surface conditions on select gait and RFM parameters. We hypothesized that (a) walking surface and slope would affect the gait parameters, resulting in more cautious gait patterns employed in the ballasted/sloped walking conditions; (b) walking surface and slope would affect the RFM parameters, showing increased values in the ballasted/sloped walking conditions. The RFM parameters were compared with those reported from various walking and running conditions (barefoot, shod, with/without orthotics, and high-heeled) to assess the relative injury risk involved in walking on sloped ballasted surfaces.
Methods

Participants
A total of twenty healthy participants (15 male and 5 female) with no prior work experiences on ballasted surfaces volunteered for this study. The mean age, height, and mass of the participants were 40.8 ± 12.0 years, 170.8 ± 9.5 cm, and 89.0 ± 19.5 kg, respectively. All participants were right foot dominant. The inclusion criteria were (a) no prior exposure to ballasted working environments, (b) familiarization with manual work; (c) self-reported experience of walking in the assigned footwear, (d) absence of serious previous lower extremity injuries, and (e) absence of any apparent medical (neurological, vestibular, neuromuscular, cardiovascular, etc.) conditions which could affect participant's walking pattern and ability. The study protocol was approved by the Texas Woman's University Institutional Review Board and participant's informed consent was obtained before data collection.
Trial Conditions
A total of six surface-slope conditions were derived from two surfaces (solid and ballasted) and three transverse slopes (0°, 5°, and 10°): 0-, 5-, and 10-degree solid and 0-, 5-, and 10-degree ballasted. In all trial conditions, participants were required to wear new but acclimatized Red Wing boots, commonly worn by railroad workers, which included the following features: (a) steel toe, (b) lace-up, and (c) a minimum collar height (sole to upper collar) of 15.2 cm (6 in). Participants were given sufficient time to wear the boots and to practice walking on each condition before data collection. Data collection began after the participant became comfortable with the surface and slope. Participants walked at their preferred speeds in each surface-slope condition and no attempt was made to control the walking velocity.
Mainline ballast meeting the AREMA (American Railway Engineering and Maintenance of Way Association) standards (1.91-6.35 cm or 0.75-2.5 inches in diameter) was used in the ballasted surface conditions. A 9.75 m (32 ft) long wooden platform was constructed for the solid conditions and was inclined for different transverse slopes. For the ballasted conditions, a 9.75 m long wooden tray was constructed to contain and support the ballast (Figure 1 ). Metal strapping was attached to the inside wall of the tray to enhance structural integrity and help contain and support the ballast to optimize the simulation of the field setting. Lines were marked on the inside wall of the tray for the ballast levels used in different slope conditions. The ballast walkway was raked between trials to insure a uniformly sloped surface.
Due to the logistics associated with loading/unloading of the ballast tray, trial conditions could not be randomized and all solid conditions (Day 1) and individual ballasted conditions (Days 2-4) were collected on separate days, respectively. The data collection days were separated by at least two weeks and it was assumed that there was no short-term learning effects associated with the nonrandomized trial sequence. To minimize the potential for day-to-day variation in marker placement, markers were placed by the same skilled operator on all data collection days. Moreover, the boot marker positions were permanently marked on the boots with tape to assure consistent day-to-day marker placement.
Experimental Setup and Protocol
For three-dimensional video motion analysis to obtain the kinematic data, six video cameras (Panasonic AG-DVC 15) were placed around the platform/tray (field rate = 60 Hz; shutter speed = 1/1000 s). Cameras were calibrated before each data collection day using a rectangular calibration frame (Visol, Inc., Seoul, Korea; 2-m L × 2-m H × 1-m W) with 36 control points (calibration error: 0.15-0.19 cm). Video footage for motion capture included two strides to insure that the gait movements were adequately captured.
A total of 21 spherical retro-reflective markers were attached on the participant's body for marker tracking: three on the trunk (sacrum and anterior superior iliac spines) and nine on each leg (lateral thigh, medial and lateral epicondyles of the knee, lateral shank, medial and lateral malleoli of the ankle, tip of middle toe, and heel). Lateral shank and thigh markers were placed in such a way that they defined the frontal planes of the segments with the joint centers (hips, knees, and ankles). A static trial in which the participant stood still in an upright position with the feet separated by the hip width parallel to each other was collected before collection of the dynamic (gait) trials in each trial condition for joint center location purposes. Medial markers (medial epicondyles and malleoli) were used in the static trial only and were removed in the dynamic trials.
Because of the motion asymmetry caused by the transverse slope , participants were asked in the sloped conditions to walk along the walkway in both directions to keep the dominant foot on both the low and high sides (Figure 2 ). Three trials were collected per participant per each surface-slopeside condition.
Data Reduction and Processing
Kwon3D (Visol Inc., Seoul, Korea; Version 3.1) was used for marker tracking and subsequent data reduction and analysis. The three-dimensional coordinates of the markers were reconstructed from the image coordinates of the markers and camera calibration information using the DLT (Direct Linear Transformation) algorithm (Abdel-Aziz & Karara, 1971) . The joint centers were located before data processing. The hip joint centers were computed directly from the three pelvic markers (sacrum and anterior superior iliac spine markers) using the method originally outlined by Tylkowski et al. (1982) and modified by Bell et al. (1990) . The midpoint of the epicondyles (lateral and medial) was used as the knee joint center while the midpoint of the malleoli was used as the ankle joint.
The three-dimensional coordinates of the markers and joint centers were digitally filtered using a zero phase-lag fourth-order Butterworth low-pass filter. A residual plot analysis (Winter, 1990 ) was performed and a constant cutoff frequency of 6 Hz was selected and used for all markers. Since large (> 10 deg) toe-out angles were expected in the ballasted/sloped conditions, the three-dimensional Euler angle approach was used, instead of the conventional projected rearfoot angle approach (Cornwall & McPoil, 2002; De Wit et al., 2000; Nigg, 1986) , to avoid perspective errors in computing the inversion/eversion angle (McClay & Manal, 1998) . For this, segmental references frames were defined for the shanks and feet with the X axes aligned with the mediolateral axes (left to right) and the Z axes aligned with the long axes of the shanks and feet. The relative orientation angles (Euler angles) of the feet to respective shanks were computed based on the attitude matrices of the frames using the XYZ rotation sequence. The third rotation angle about the Z axis (toe-heel axis) of the foot was used as the inversion/eversion angle.
To facilitate data reduction and analysis, a set of events were defined: Left Heel-Strike (LHS), Right Heel-Strike (RHS), Right Heel-Off (RHO), Second Left Heel-Strike (LHS2), and Right Toe-Off (RTO). The heel-strike events (LHS, RHS, and LHS2) were used in computing the step lengths, widths, and rates, whereas RTO and RHO were used in computing the early-mid stance time and the RFM parameters. The events were identified visually based on the synchronized video, stick figure, and velocity patterns of the heel marker.
Data Analysis
The following gait and step variables were computed for data analysis: walking velocity, step length, step rate, step width, stance time, and toe-out angle. Average walking velocity from the full gait cycle (LHS to LHS2) was used as the walking velocity. The step length, rate, and width were computed from two steps (LHS to RHS and RHS to LHS2) and the average values were used in the analysis.
Step length was normalized to the leg length (greater trochanter height from the floor). The angle between the direction of walk and the long axis of the dominant foot projected to the horizontal plane was computed and the peak value observed during the stance phase was used as the toe-out angle. In the sloped conditions, the gait parameter values obtained from the two side conditions (high and low) were pooled for all gait parameters including the toe-out angle (see Table 1 ).
The ankle inversion/eversion angle and its first and second time-derivatives were computed from the dominant foot during the early-mid stance phase (RHS to RHO) since the foot was in full contact with the walking surface with the subtalar joint loaded in this phase. The ensemble average rearfoot angle patterns of the participants are presented in Figure 2 . Peak values of these (peak inverted position, peak everted position, peak inversion/eversion range, peak inversion velocity, peak eversion velocity, and peak inversion/eversion acceleration) were extracted as the RFM parameters. In the sloped conditions, the larger of the RFM parameter values obtained from the two side conditions (high vs. low) were used in the analysis without pooling; the low side condition showed consistently larger peak inverted position, peak inversion velocity, and peak acceleration values, whereas the high side condition revealed larger peak everted position, peak inversion/eversion range, and peak eversion velocity values (see Table 2 ). Motion symmetry was assumed in the flat conditions.
Statistical Analysis
Two groups of dependent variables were used in the statistical analyses: gait parameters (walking velocity, step length, step width, step rate, stance time, and toeout angle) and RFM parameters (peak inverted position, peak everted position, peak inversion/eversion range, peak inversion velocity, peak eversion velocity, and peak inversion/eversion acceleration). Two separate two-way (2 × 3) repeated measure MANOVAs were performed to assess the surface-slope effects on the gait parameters and the RFM parameters, respectively. When a significant multivariate factor effect or interaction was observed, univariate two-way repeated measure ANOVAs were used as a step-down strategy to identify individual parameters showing significant factor effects/interaction (Vincent, 1999) . The Huynh-Feldt adjustment was performed to correct for violation of circularity, if any. For each ANOVA with significant effects, post hoc analyses were performed. An alpha level of 0.05 was used in all statistical operations with appropriate adjustments (Bonferroni adjustment) for multiple comparisons.
Results
Significant surface effect (Wilks's Λ = .275, F 6, 14 = 6.153; p = .002, partial η 2 = .725) and surface-slope interaction (Wilks's Λ = .109, F 12, 8 = 5.461, p = .011, partial η 2 = .891) were observed in the gait parameters. The multivariate slope effect, however, was not significant (Wilks's Λ = .228, F 12, 8 = 2.260, p = .127, partial η 2 = .772). Subsequent univariate ANOVAs revealed significant surface and slope effects in all gait parameters except step width, whereas significant surface-slope interactions were also observed in all gait parameters except step width and toe-out angle (Table 1 ). The ballasted conditions were characterized by smaller walking velocity, shorter step length, lower step rate, longer stance time, and larger toe-out angle than the matching solid conditions. The slope effects were predominantly observed in the ballasted conditions and walking velocity, step length, step rate decreased as the slope increased. Stance time and toe-out angle increased as the transverse slope increased (Table 1) .
Among the ballasted or sloped conditions, only the 10-degree ballasted condition revealed mean walking velocity, step length, step rate, and stance time values significantly different from the solid flat condition. Sloped ballast conditions (5-degree and 10-degree) showed significantly different mean toe-out angles from the solid flat condition (Table 1) . 87.9 ± 7.5 § † (95.8%)
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Step Width (%LL) 107, η 2 = .785). Significant surface and slope effects were observed in peak inverted position, peak everted position, and inversion/eversion range, whereas only the slope effect was observed in the inversion/eversion acceleration ( Table 2 ). The ballasted conditions were characterized by smaller peak inverted position, larger peak everted position, and larger inversion/eversion range than the solid conditions. The slope effects were more evident among the solid conditions in peak inverted position, peak everted position, peak inversion velocity, and peak acceleration ( Table 2) .
The sloped solid conditions showed significantly larger peak inverted position, peak everted position, and peak acceleration values when compared with the flat solid condition. The 10-degree solid condition also revealed a significantly larger peak inversion velocity value than the flat solid condition ( Table 2 ). The flat ballasted condition was characterized by larger peak everted position and peak inversion velocity than the flat solid condition. The sloped ballasted conditions generated larger peak everted position and inversion/eversion range values than the flat solid condition (Table 2) .
Discussion
In regards to the gait parameters, participants responded to the transverse slope conditions quite differently between the solid and ballasted surfaces. Most gait parameters (all but toe-out angle) remained unchanged across the solid conditions, whereas walking velocity, step length, and step rate decreased and stance time and toe-out angle increased as the transverse slope increased in the ballasted conditions (Table 1 ). The increase in stance time and decreases in walking velocity, step length, and step rate reflect a progressively more cautious gait as the surface conditions changed from solid to ballasted and as the slope increased in the ballasted surface. Walking velocity in the ballasted conditions was up to 16% lower, while step length, step rate, and stance time showed slightly less than 10% changes when compared with the solid flat condition (Table 1) .
Step width was characterized by inconsistent responses to surfaces and slopes. Mean toe-out angles exceeded 10 deg in all ballasted conditions.
The RFM parameters, however, showed a trend different from the gait parameters, which included greater slope effects in the solid conditions. Peak inverted foot position, peak everted foot position, peak inversion velocity, and peak acceleration showed significant slope effects across the slope conditions in the solid surface ( Table 2) . The slope effects in the ballasted conditions were not as notable as those in the solid conditions. It appears that this trend was partially related to the increased standard deviations in the ballasted conditions but mainly due to the decreased walking velocity and associated changes (decreased step rate and step length) in the ballasted conditions in response to the transverse slope. Since walking velocity was not controlled in this study and participants walked at their preferred velocities, the changes in the RFM parameters in the ballasted conditions were blanketed by the changes in the gait parameters (more cautious gait). It could be speculated that a strict control of the walking velocity across the surface-slope conditions would have resulted in more notable responses to the slope in the ballasted conditions.
Ballasted surfaces are unique in terms of foot-ground interaction in two aspects: uneven surface and shifting of the ballast. Shifting of the ballast allows a more compliant but uneven walking surface than a matching solid surface. One aspect that can be directly affected by the compliant and uneven surface is the timing of the stance phase events. As shown in Figure 2 , the ballasted surface conditions are characterized by substantially shortened early stance phases (RHS-RTD) and prolonged mid stance phases (RTD-RHO). Changes in phase times in conjunction with a more cautious gait induced by the uneven surface tend to reduce the foot inversion during the early stance phase and promote the foot eversion during the mid stance phase (Figure 2) . The ballasted surface conditions showed reduced peak inverted foot position values (observed in the low side) and increased peak everted position values (high side) than the matching solid conditions (Table 2 and Figure 2) suggesting that walking on a sloped ballast surface presents a relatively lower risk of inversion sprain than walking on a sloped solid surface in the early stance phase (RHS-RTD).
It is important, however, to understand that the effective transverse slope, the actual transverse slope for the foot, can be changed by the amount of foot toeout on a transverse slope. In the low-side foot, a toe-out practically introduces a down-slope while reducing the effective transverse slope and vice versa for the high-side foot. In addition to the changes in walking velocity and step parameters, the ballasted conditions showed larger toe-out angles which could further amplify the eversion motions of the high-side foot and reduce the inversion motions of the low-side foot. The ballasted conditions were indeed characterized by larger peak everted positions and smaller peak inverted positions than the solid conditions ( Table 2 ). The RFM data presented in Table  2 , therefore, should be perceived as a combination of the direct effects of the uneven/compliant ballasted surface and the indirect effects of increased toe-out angle. A more in-depth and systematic study on the role of the toe-out alignment of the foot on the RFM parameters in walking on sloped surfaces is warranted.
The RFM ranges obtained from the ballasted conditions in this study (9.3-12.2°; Table 2 ) were generally comparable to those reported in various walking and running studies: barefoot walking (11.1 deg; Moseley et al., 1996) , walking in 19 healthy male participants (8.2°; Hunt et al., 2001) , running in various conditions (barefoot, shod, and shoes with orthotics; 10.0-17.6°; Clark et al., 1983) , and 3-degree treadmill running (15.4°; O'Connor & Hamill, 2002) . The peak inverted (8.1°) and everted (11.0°) position values were also comparable to those reported previously: walking in high-heeled shoes (10.1-10.4 deg pronation; Snow & Williams, 1994) and distance running (8-12° eversion and 5-10° inversion; Craik & Otis, 1995) . Scott and Winter (1991) found large variations in the amount of pronation (10-17°) and supination (12-18°) in a study of three subjects. Comparisons among the RFM results from various walking and running conditions and those obtained in this study show that the values reported by Andres et al. (2005) from three surface-slope conditions (3.08-5.50°) are exceptionally small. Dixon and Pearsall (2010) studied the effects of 6-degree solid transverse slope on barefoot walking and reported ensemble RFM ranges of approximately 5° during the stance phase with almost no eversion in the ankle in all conditions (flat, transverse slope-high side, and transverse slope-low side). In a follow-up study with a 10-degree transverse slope, Damavandi et al. (2010) used a multisegment foot model and reported fairly different rearfoot motion (hindfoot to tibia) patterns with larger ensemble RFM ranges.
The peak velocity values in this study were either comparable or lower than those in other studies that involved walking and running: level walking with/without semirigid orthosis before and after exercise (79.2-184.7 deg/s eversion velocities; Hamill et al., 1988b) , walking in three participant groups of different rearfoot-midfoot coordination pattern (68.6-83.3 deg/s peak angular velocity; Cornwall & McPoil, 2007) , and various barefoot, shod and orthosis conditions (101.1-126.0 deg/s eversion and 86.3-114.6 deg/s inversion; Nester et al., 2000 Nester et al., , 2001 . Andres et al. (2005) reported a mean peak eversion velocity of 45.1 deg/s in 7-degree mainline ballast condition. The maximum pronation velocity on the high side of a sloped running surface measured in a running study was about 452 deg/s (O'Connor & Hamill, 2002) . The maximum pronation velocity measured by Kernozek and Ricard (1990) was 219.6 deg/s in runners who ran at a speed of 3.5 m/s.
As shown in Table 2 , significantly higher peak rearfoot acceleration was found in the 5-and 10-degree solid surface conditions. In spite of the larger RFM range and angular velocities in the ballasted conditions in general, the peak angular accelerations were smaller in the sloped ballasted conditions, which cannot be explained by the gait adaptations made by the participants in the ballasted conditions (more cautious gait). One mechanism that can potentially contribute to this phenomenon is mild shifting of the ballast during the stance phase. Small movements of the rocks under the foot can change the time history of rearfoot angular velocity and reduce the peak acceleration of RFM as a result. In the solid sloped conditions, no such compensatory surface elements are available. The peak acceleration of 1,305 deg/s 2 in the 10-degree ballasted condition was similar to the 1,223 deg/s 2 that Andres et al. (2005) found in 7-degree mainline ballast condition but substantially smaller than those Nester et al. (2000 Nester et al. ( , 2001 While the sloped mainline ballast surface increased the RFM ranges in this study, the values were comparable to those reported in various walking and running conditions and well within the normal ankle range of motion (30-50° of inversion, 15-20° of eversion, and 45-70° of inversion/eversion range; Miller, 1985) . The velocity and acceleration values from this study were in general comparable to or smaller than those reported in various walking/running studies. These results collectively suggest that an increase in the magnitude of the RFM in the sloped ballasted conditions may not be a major contributor to the walking-related injuries reported by the FRA (2009). Potential elements related to walkingrelated injuries in general could include acute loading, low joint stability, inadequate muscular strength, low muscular endurance, muscular fatigue, increased stress on the lower-extremity musculature and prolonged walking. Among these, the stress on the lower-extremity musculature is of particular interest in terms of the chronic risk of injury of walking on the sloped ballasted surface since prolonged walking on ballasted surface and muscle fatigue are unlikely scenarios in railroad industries and the nature of the other factors are either acute or individual-specific. Although Dixon and Pearsall (2010) reported significantly increased peak mediolateral ground reaction force and frontal plane ankle joint moment in walking on a 6-degree solid transverse slope, the effects of ballasted transverse slope on the ankle joint moment has not been studied yet.
One major obstacle in assessing the burden on the ankle joint musculature and a subsequent risk for injury by using the inverse dynamics approach is the difficulty in accurately measuring the ground reaction force acting on the foot in a ballasted walking surface condition. For example, Wade and Redfern (2007) measured the ground reaction force using a force plate placed under the ballasted surface but the force measured was not the actual force acting on the foot, but that acting between the ballast and the plate. More in-depth research employing other means of ground reaction force measurement such the insole-type pressure mat, is warranted to shed light on the potential for an injury mechanism when walking on sloped ballasted surface conditions.
One limitation of the current study was that ballasted condition trials were collected on separate days due to the logistics associated with the loading and unloading of the ballast. While every caution was exercised to minimize day-to-day variations in the marker locations, which included the use of a single operator for the marker placement, permanently marking the marker positions on the boots, and the use of static trials to eliminate bias in the rearfoot orientation angles, there still was a chance of systematic errors involved in the rearfoot angle data which could not be eliminated completely. Among the RFM parameters, peak inverted position and peak everted position values are sensitive to the systematic errors and, thus, the peak position-related results must be interpreted with caution.
Another limitation of the study was that the RFM was measured on the heel counter of the work boot, rather than the foot inside the boot, and the two motions could differ substantially from each other (Reinschmidt et al., 1997; Stacoff et al., 2001) . While the assessment of injury risk of walking on sloped ballasted surface through a comparison of the RFM parameters with other studies employing similar methods seems valid, a true assessment of injury risk may not be possible with this approach. It is known that the heel cup-based approach generally overestimates the RFM parameters (Milani & Hennig, 2000) and the relatively small RFM ranges reported by Dixon and Pearsall (2010) and Damavandi et al. (2010) in barefoot walking conditions could be attributed to the difference in the methods used.
Although the main motivation of this study was to assess the relative injury risk in terms of RFM when walking on ballasted surfaces in the railway work environment, the participants were not railway workers and had no railway work experience. While the RFM parameters obtained in this study from nonrailway workers may not realistically reflect the RFM of experienced railway workers, this study design certainly allows investigators to assess the true surface-slope effect of the transversely sloped ballasted surfaces as opposed to any adaptation effects that may occur in railway workers. A follow-up study comparing the RFM between participants with no railway work experience and railway workers is warranted to determine if railway workers exhibit any longterm adaptation effects that may affect RFM parameters.
